We report spin-wave excitations in a annular antidot lattice fabricated from 15 nm thin Ni80Fe20 film. The nanodots of 170 nm diameters are embedded in the 350 nm (diameter) antidot lattice to form the annular antidot lattice, which is arranged in a square lattice with edge-to-edge separation of 120 nm. A strong anisotropy in the spin wave modes are observed with the change in orientation angle (ϕ) of the in-plane bias magnetic field by using Timeresolved Magneto-optic Kerr microscope. A flattened four-fold rotational symmetry, mode hopping and mode conversion leading to mode quenching for three prominent spin wave modes are observed in this lattice with the variation of the bias field orientation. Micromagnetic simulations enable us to successfully reproduce the measured evolution of frequencies with the orientation of bias magnetic field, as well as to identify the spatial profiles of the modes. The magnetostatic field analysis, suggest the existence of strong magnetostatic coupling between the dot and antidot interfaces in annular antidot sample. Further local excitation some selective spin-wave modes using numerical simulations showed the anisotropic spin-wave propagation through the lattice.
II. Results and discussion
The annular antidot lattice is a two-dimensional (2D) binary magnonic crystal in the form of embedded nanodots in a periodic Ni80Fe20 antidot lattice arranged in square symmetry. The sample is fabricated on e-beam evaporated permalloy (Ni80Fe20, Py hereon) film using focused ion beam lithography. The details of the sample fabrication are described elsewhere [28] . The thickness of the Py film is 15 nm. The scanning electron micrograph (SEM) of the sample is shown in Fig. 1(a) . The diameter, D of the antidot is 360.0 ± 3.5 nm, while the dot has diameter (d) of 170.0 ± 1.5 nm. The lattice constant is 480 ± 3 nm . The atomic force microscope (AFM) and magnetic force microscope (MFM) images of the sample are presented in ref. [28] . The ultrafast magnetization dynamics of the sample is measured by using an all-optical TR-MOKE microscope in polar Kerr geometry (see Fig. 1 (a) ). An inplane bias magnetic field is applied at an angle of ~15° to the plane of the sample. The magnetization is aligned uniformly along the direction of the applied magnetic field. An alloptical pump beam is used to excite the magnetization dynamics of the sample and a timedelayed probe laser beam is used to probe the evolution of magnetization as a function of delay time with respect to pump excitation. Details of the set-up is described elsewhere [32] . The experiment is performed at room temperature and under ambient condition.
To validate the experimental results, we have also performed micromagnetic simulations using object orientated micromagnetic framework (OOMMF) [33] . The mask used in the simulations is derived from the SEM image using 2D periodic boundary conditions with a cell size of 5 nm × 5 nm × 15 nm. The simulation is carried out in a square lattice with 308 × 308 cells in an area of 1.9 µm × 1.9 µm. The material parameters are extracted by measuring the variation of precessional frequency (f) with bias magnetic field, H for a Py thin film and by fitting the result using Kittel formula [34] . For Py, the parameters are gyromagnetic ratio γ = 17.6 MHz Oe −1 , anisotropy field Hk = 0, saturation magnetization Ms = 860 emu cm −3 , and exchange stiffness constant A = 1.3 × 10 −6 ergcm −1 . The exchange stiffness constant A is obtained from literature [35] . These parameters are consistent with our previous work [28] . To excite the precessional dynamics, a pulsed magnetic field of peak amplitude of 30 Oe, rise/fall time of 10 ps and pulse duration of 50 ps is applied perpendicular to the sample plane under a constant bias field of H = 1.08 kOe. The damping coefficient α = 0.008 is used during dynamic simulations, which is standard for Py. The spatial distribution of power and phase of different SW modes are mapped by using a homebuilt code Dotmag [36] . The magnetostatic field distribution is calculated from LLG micromagnetic simulator [37] .
The experimental geometry is depicted in Fig. 1(a) . The time-resolved Kerr rotation data shown in Fig. 1 (b) consist of three temporal regions. Region I corresponds to the ultrafast demagnetization followed by fast remagnetization (region II). The precessional dynamics (region III) appears as an oscillatory signal on top of the slow remagnetization of the time-resolved Kerr rotation data. We have performed precise measurement of time resolved Kerr rotation and fitted the data with three temperature model using analytical expression given in ref. [ref] . From the fitting we obtained the ultrafast demagnetization time and fast relaxation as 130 fs and 780 fs this is followed by slower relaxation as 13 ps. A biexponential background is subtracted from the precessional data, and fast Fourier transform (FFT) is performed to obtain the SW spectra. The background subtracted Kerr rotation data for ϕ = 0°, 45°, 60° and 90° are shown in Fig. 1 (c) . Spin-wave spectra are obtained by performing the FFT of the time-resolved Kerr rotation for 0° ≤ ϕ ≤ 180°. SW spectra only up to 90° for some specific angles commensurate with the symmetry of the lattice. We obtain rich SW spectra with clear modulation with ϕ. Five SW modes are identified in the spectra which show periodic variation with ϕ whereas the '*' and '#' marked peaks are present only at ϕ = 0° and 90°. Our earlier work showed that these two modes are present at all bias-field values at ϕ = 0° although their intensity increases at low field strength. However, those modes disappear at an intermediate angular range and hence, we discard these modes while analysing the angular variation of SW frequencies. The frequency of mode 1 decreases systematically between 0° ≤ ϕ ≤ 20°, following which it becomes nearly constant for 20° ≤ ϕ ≤ 70° and then increases for 70° ≤ ϕ ≤ 90°. Mode 2 is generally the highest intensity mode for the full angular range. Its angular variation is significantly different from that of mode 1. Its frequency remains at a constant level for 0° ≤ ϕ ≤ 15°, followed by a sharp reduction to another constant level for 20° ≤ ϕ ≤ 70°, which then increases to a constant level for 75° ≤ ϕ ≤ 105°. Mode 3 shows starkly different behaviour. This mode exists only for specific angular ranges such as 0° ≤ ϕ ≤ 20° and 70° ≤ ϕ ≤ 90° and vanishes in between. Here, we mainly focus only on these three modes as shown in fig. 2 . Modes 4 and 5 appear with very low power, which is sometime buried under noise. Furthermore, their angular variation shows distorted four-fold rotational symmetry, as shown in the supplementary material [38] . The simulated SW spectra for annular antidot lattice with varying ϕ are shown in the Fig. 2(b) , which qualitatively reproduce all the important features of the experimental modes. The variation in the frequency and power of modes 1 and 3 with ϕ is more prominent in simulated frequency spectra as opposed to the experimental spectra. In order to get further insight into the evolution of modes 1 to 3, we have performed detailed simulations as shown in supplementary materials [38] . There, we observe that the frequencies of all three modes periodically vary as described already. The power of these modes shows interesting behaviour for 10° ≤ ϕ ≤ 30°. As ϕ increases power of mode 1 gradually increases up to 30°, while power of mode 2 increases up-to 20° followed by a gradual decrease up to 30°. Mode 3, on the other hand loses its power and completely disappears at 22°. The quantitative discrepancy between the simulated and experimental SW spectra is attributed to the imperfections such as edge roughness and deformation of the real annular antidot lattice, modifying the internal magnetic field and the stray field experienced by precessing spins in the close proximity of the hole edges. In simulations, we have assumed hole edges that are almost perfect, i.e., the edges are rough only on the lateral scale of the implemented cell size. The variation of experimental and simulated SW frequencies with inplane bias field angle for modes 1, 2 and 3 of the annular antidot lattice are shown in Fig. 3(a) -(c). Mode 1 shows distorted four-fold symmetry with flattened valley where we observe that its frequency gets locked in 20° ≤ ϕ ≤70° regime. In contrast to this, mode 2 hops between two definite frequency levels in the angular range of 0° ≤ ϕ ≤15° and 20° ≤ ϕ ≤70°, which is repeated periodically. like variation, which is repeated with ϕ but that could not be reproduced in the experiment due to noise.
To understand the origin of these modes, we have further simulated individual dot lattice (DL) and antidot lattice (ADL) of same dimensions and compared the results with the annular antidot lattice (AAL). As observed from Fig. 3(d) , the highest frequency mode (mode 1) of the AAL is originated from the ADL with slight modification of frequency values. However, mode 2 exhibits a clear anisotropic behaviour in ADL for 20° ≤ ϕ ≤70°. Its frequency falls sharply from 0° to 20° followed by a gradual increase up to 45° and another gradual decrease from 45° to 70°. From 70° to 90° the frequency increases sharply back to the value observed at 0°. Mode 2 of the DL shows a distorted four-fold symmetry. Consequently, the variation of mode 2 of AAL stems from the superposition of the angular variation of this mode in DL and ADL. Mode 3 of the annular antidot lattice originates from ADL which shows identical behaviour for this mode in AAL. Figure 4 shows the simulated power and phase maps of the resonant modes calculated using a home-built code Dotmag [34] . The SW mode profiles are of two types: modes which are quantized in both DL and ADL, or modes that are extended in ADL but uniformly distributed in the DL. The nature of the modes depends on both the orientation of H as well as the dipolar interaction in the system. At ϕ = 0°, mode 1 is a standing SW mode in backward volume (BV) geometry with quantization number n = 5 within the dots and n′ = 7 within the antidots of the AAL. Mode 2 is a centre mode of the dots but in antidots it shows quantized modes with n′ = 3. Mode 3 is an extended mode in the vertical channels of the antidots, i.e. in the Damon-Eshbach (DE) geometry without having any significant power in the dots. As ϕ changes up to 45°, mode 1 retains its quantized behaviour with the quantization axis rotating in commensuration with the bias field direction. For mode 2 the angular variation also retains the qualitative nature of the modes but the mode axes rotate in commensuration with the bias field direction. The power is mainly concentrated in the dots. Mode 3, however show a mode conversion with the bias field orientation, transforming from an extended mode to a localized mode at the antidot edge.
To understand the mode flattening and mode hopping of mode 1 and 2, respectively, we locally excited the dynamics using a sine function containing the frequency of the resonant mode at the region shown in Fig. 5 by the grey bar of 2380 × 60 nm 2 area. We observed that the SW corresponding to mode 1 propagates to a large distance along the vertical direction with significant power (about 25 dB) at ϕ = 0°. With increasing ϕ, the propagation gradually decreases and stops propagating at 45°. However, mode 2 suddenly transforms from a propagating mode to a localized mode as ϕ is increased from 0° to 20° and retains its character up to 45°. This anisotropic nature of SW propagation with bias field orientation is the reason behind the observed flattening and hopping of the mode 1 and mode 2.
To further understand the dynamics, we have numerically calculated [35] the magnetostatic field distributions in the AAL and the corresponding contour plots are shown in Fig. 6 (a) for four different orientations (ϕ) of the bias magnetic field. We took the line scan of the x-component of magnetostatic field (Bx) which shows local maxima and minima across the three regions, named region A (within the dot), region B (air), region C (antidot channel) with varying ϕ. One can readily observe that the interaction between the magnetostatic field lines increases at the region B and region C with increase in ϕ value, which is probably due to the increase of the interactions at the edges of dots and antidot regions. This is also clear from the linescans of the magnetostatic field as shown in Fig. 6 (b) . With the increase of ϕ, the internal field decreases in all three regions as shown in Table 1 . The variation in Bx is maximum in region C. The decrease in the internal field with increasing the bias field orientation is probably responsible for variation in the frequencies of the observed SW modes. For deeper understanding of mode hopping we have simulated the magnetostatic field of the AAL, ADL and DL with ϕ varying between 0° and 180° and compared the total internal magnetic field (Ba) with the frequency variation of mode 2 as shown in Fig. 7 . We observe that the variation of Ba in AAL, DL and ADL show qualitatively similar behaviour to the frequency variation of mode 2, giving rise to its observed anisotropy, while for the other modes the situation is far more complex due to the complicated interaction field profiles.
III. Conclusion
Here, we report an experimental and numerical study of the variation of spin wave dynamics of annular antidot sample with the orientation of the bias magnetic field using TR-MOKE microscope. We observe a flattened four-fold rotational symmetry, mode hopping and mode conversion leading to mode quenching for three prominent spin wave modes in this lattice with the variation of the bias field orientation. By detailed micromagnetic simulations of spin wave power and phase maps and magnetostatic field distributions of the annular antidot lattice and the constituent dot and antidot lattices, we have underpinned the origin of the observed mode anisotropies. We further locally excited the selective modes using numerical simulations and showed the anisotropic spin wave propagation through the lattice, indicating their possible applications in spin wave filter and other nonlinear spin wave devices.
Methods

Fabrication.
A Py thin film of 15 nm thickness is deposited by using electron beam evaporation on top of Si substrate using an ultrahigh vacuum chamber at a base pressure of ~2×10 -8 torr. The film is immediately transferred to the sputtering chamber for the deposition of capping layer (SiO2) of 5 nm to avoid degradation from natural oxidation during experiment. Sputter deposition is done by rf sputtering at a base pressure of ~2×10 -7 torr and Ar pressure of ~5 ×10 -3 torr at 60 W of Ar power at a frequency of 13.56 MHz. The annular antidot is patterned on this blanket Py thin film by using liquid Ga+ ion beam lithography (Auriga-Zeiss FIB-SEM microscopes) over a square area of 10µm 2 . The optimal values of voltage and current for milling are found to be 30 keV and 5pA respectively. At this beam current, we get sufficient etch rate yet limit the spot size to be around 50 nm. The thickness of the Py film is smaller than the stopping rate of Ga + ion beam at 30 keV, which ensures that the ions stop within the Si layer underneath the Py (15 nm) and we verified the etching depth by using atomic force microscopy (AMF) measurement, which show etching depth of ~ 25nm.
Measurement.
A two-colour optical pump-probe set-up is used to measure ultrafast magnetization dynamics of the sample. The second harmonic (λ = 400 nm, pulse width = 100 fs, fluence = 10 mJ/cm 2 ) of a mode locked Ti-sapphire laser (Tsunami, Spectra Physics) is used to pump the sample, whereas the time delayed fundamental beam (λ = 800 nm, pulse width = 80 fs, fluence = 2 mJ/cm 2 ) is used to probe the magnetization dynamics by measuring the Kerr rotation as a function of time-delay between pump and probe beams. The pump and probe beams are made collinear before incidence on the sample using the same microscope objective (N.A. 0.65) focused to spot sizes of 1 µm and 800 nm, respectively. A magnetic field is applied at an angle of about 15° from the sample-plane to have a finite demagnetizing field along the direction of the pump beam. The pump beam modulates this out-of-plane demagnetizing field component to induce precession of magnetization in the sample. The inplane component of this field is the bias magnetic field (H = 1.08 kOe), whose orientation (ϕ) is varied to study the angular variation of SW dynamics of this sample (as shown in Fig.  1(a) ). The sample is rotated between 0° ≤ ϕ ≤ 180° using a high precision rotary stage while keeping the microscope objective and magnetic field constant. The pump and the probe beams are carefully placed on the same region of the array for each value of ϕ. The experimental time window of 2 ns is found to be sufficient for extracting the important information of the magnetization dynamics. The experiment is performed at room temperature and under ambient condition.
Supplementary Informations
Detailed Simulation to Understand the Origin of Mode Conversion:
To understand the disappearance of mode 3 of the annular antidote lattice (AAL) with bias field orientation (ϕ), we simulate the SW spectra by gradually varying ϕ at 1° interval, and Fig. S1 shows the simulated spectra for some specific angles. Here, we observe that the frequencies of all three modes periodically vary as described already in the manuscript. The power of these modes shows interesting behaviour for 10°≤ϕ≤30°. Mode 1 is the weakest most among these three modes. As ϕ increases power of mode 1 gradually increases up to 30°.Mode 2 has the intermediate power,which further increases up to 20° followed by a gradual decrease up to 30°. Mode 3 is the most intense mode at 10° but it loses power gradually with the increase in ϕand completely disappears at 22°.
Simulated Mode Frequency as a function of Bias Field Orientation for Dot and Antidot Lattices:
To understand the origin of the modes of the annular antidot lattice, we simulate constituent dot lattice (DL) and antidot lattice (ADL) of same dimensions. The variation of the simulated SW mode frequencies as a function of ϕ (0°≤ϕ≤ 90°) of the DL is shown in Fig. S2(a) and the ADL is shown in Fig. S2 Mode 2 shows a distorted four-fold symmetry with flattened valley. Mode 3 and mode 5shows a rather complex nature. Its frequency falls sharply from 0° to 20° followed by a gradual increase up to 45° and another gradual decrease from 45° to 70°. From 70° to 90° the frequency increases sharply back to the value observed at 0°. Mode 4 appears and disappears periodically for certain angular range.
Angular Dispersion of Two Lowest Frequency Modes of the Annular Antidot Lattice
The angular dispersion of the two lowest frequency modes (mode 4 and 5) of the annular antidot lattice (AAL) obtained by experiment and simulation are shown in Fig. S3 respectively. We have further compared them with the corresponding modes of the constituent DL and ADL of same dimensions (Fig.S3(c) and (d) ).Mode 4 is found to be mainly contributed by the DL (Fig S3(c) ) while mode 5 is mainly contributed by the ADL (Fig S2(d) ). Additionally, we also observe that mode 4 of the AAL show distorted four-fold anisotropy and mode 5 shows four-fold anisotropy with HK4 = 80 Oe. Also, in the constituent DL (ADL) the mode near 4 GHz (6GHz) does not exist. However, in the AAL due to strong dipolar interaction between the DL and the ADL, existence of both modes is observed. Figure S4 depicts spatial profiles of mode 4 and 5 of the annular antidot lattice at some specific in-plane bias magnetic field angles, calculated using custom built Matlab code. It is found that for mode 4, the main power is mainly concentrated at the edges of the dots (it is contributed by the edge mode of the). For mode 5, the main power is mainly concentrated at the edges of the antidots (it is contributed by the edge mode of the antidots). 
Phase profile for mode 4 and mode 5 of the annular antidote lattice
